We have shown previously that 3-phosphoglycerate, which is a glycolytic metabolite of glucose, induces protein phosphorylation in bovine and rat brain and in rat heart, kidney, liver, lung, and whole pancreas. Since glycolytic metabolism of glucose is of paramount importance in insulin release, we considered the possibility that 3-phosphoglycerate may act as a coupling factor, and we searched for evidence for the existence of 3-phosphoglycerate-dependent protein phosphorylation systems in freshly isolated normal rat pancreatic islets. 
[y-32P]ATP and appropriate test substances and were subjected to NaDodSO4/PAGE and autoradiography. As little as 0.005 mM 3-phosphoglycerate or 2-phosphoglycerate stimulated the phosphorylation of a 65-kDa cytosol protein by as early as 0.25 min. The phosphate bond of the 65-kDa phosphoprotein was sufficiently stable to withstand dialysis; the radioactivity could not be chased out by subsequent exposure to ATP, ADP, 3-phosphoglycerate, or 2,3-bisphosphoglycerate. Moreover, cAMP, cGMP, phorbol 12-myristate 13-acetate, or calcium failed to stimulate the phosphorylation of the 65-kDa protein. Phosphoglycerate-dependent protein phosphorylation in islets may have relevance to stimulation of insulin secretion.
The metabolism of glucose in pancreatic islets, predominantly in the glycolytic pathway, is essential for glucoseinduced insulin biosynthesis and release (1, 2) . The processes that couple the metabolism of glucose to the secretion of insulin have not been defined conclusively; the involvement of glycolytic metabolites of glucose is likely. Protein phosphorylation plays a role in the regulation of insulin secretion; glucagon, cAMP, and calcium, all secretagogues of insulin, induce phosphorylation of specific islet proteins through involvement of various protein kinases (3) (4) (5) .
The classical concepts in regard to protein kinases are that they are activated by "second messengers," such as cAMP, or directly by "first messengers," such as insulin. Can a metabolic intermediate of a nutrient function as a messenger by activating a protein kinase, which then activates certain functionally important proteins, thus rendering the nutrient capable of initiating major processes in the cell? More specifically, can a metabolite of glucose evoke protein phosphorylation in a cell in which glucose plays a dominant regulatory role? One of us (T.U.) explored this possibility in the bovine brain and demonstrated that 3-phosphoglycerate (3PG) evoked marked stimulation of the phosphorylation of specific proteins (6) . This phosphorylation phenomenon was shown not to be mediated by any of the conventional protein kinases and to be operative in rat brain, heart, liver, lung, kidney, and whole pancreas. The goal of the present study was to find out whether 3PG-dependent protein phosphorylation systems exist in normal rat pancreatic islets. In this report, we present evidence that the phosphorylation of an islet cytosol protein is stimulated by 3PG and 2-phosphoglycerate (2PG) and that an unconventional protein kinase is likely to be involved in this process.
MATERIALS AND METHODS
Preparation of Islet Tissue. Pathogen-free young male adult Wistar rats (Charles River Breeding Laboratories) weighing 250-300 g were used. They were kept in an air-conditioned room equipped with an automatic 12-hr light/12-hr dark cycle. They had free access to standard rat chow (Purina) and water until the experiments commenced. Pancreatic islets were isolated according to the method of Lacy and Kostianovsky (7) , as modified by Gotoh et al. (8) 
RESULTS

Phosphorylation of Islet Membrane and Cytosol Proteins in
Response to Exogenous 3PG. In preliminary experiments, the cytosol and membrane fractions obtained from rat islets were submitted to the phosphorylation assay for 2, 5, or 10 min, in the absence and presence of 5 mM 3PG. The autoradiography revealed nonspecific phosphorylation of numerous proteins, whichbtccurred in the presence or absence of exogenous 3PG. 3PG stimulated the phosphorylation of a 65-kDa protein consistently and reproducibly in the cytosol fraction; selective phosphorylation of a membrane protein was not evident. Subsequent experiments were carried out only with the cytosol fraction.
Dose-Response Studies with 3PG and 2PG. To determine the optimal concentration of 3PG at which the 65-kDa protein was phosphorylated, the cytosol fraction was incubated for 5 min with 0.005, 0.01,O0.05, 0.1,0.5, 1. 5, and 10 mM 3PG; the closely related metabolite 2PG was also tested in the same manner ( Fig. 1) . Either phosphoglycerate stimulated the phosphorylation of the 65-kDa protein band at the lowest concentration tested. The phosphorylation was maximal at 0.5 mM 3PG or 2PG; it seemed to be inhibited at concentrations beyond 1 mM.
Tim e Course of 3PG-Induced Protein Phosphorylation. The cytosol fractions were incubated for 0.25, 0.5, 1, 2, and 5min in the absence and presence of 0.8 mM 3PG. The stimulation of phosphorylation of the 65-kDa protein by 3PG was evident at theearliest time point tested; the maximal level was attained at 2 min ( Fig. 2) . At 5 min, the intensity of the phosphorylation of the 65-kDa band had decreased slightly below the level seen at 2min. Lanes 2-9, the concentrations of 3PG were 0.005, 0.01, 0.05,0.1,0.5, 1, 5, and 10 mM, respectively. (Lower) With the exposed film used as a guide, the portion of the gel corresponding to the 65-kDa protein band was cut out and its radioactivity was quantified by liquid scintillation counting. [32P]Phosphate incorporation into protein in the presence and absence of 3PG (3PG and control, respectively) was determined as described for Fig. 1 .
Sigma preparations exhibited a minor band of =65 kDa, and the Boehringer preparation exhibited a faint band of =37 kDa plus a negligible smudging in the range of 50-65 kDa. Each preparation was submitted to the standard phosphorylation assay in the absence and presence of 3PG; the results with two of these preparations are depicted in Fig. 4 radioactivity in the 65-kDa band of the mutase preparation diminished almost completely; on the other hand, the radioactivity of the cytosolic 65-kDa protein band withstood the dialysis unaltered and was not removed upon reincubation for 1 min with 0.8 mM 3PG (data not shown).
The islet cytosol fraction was submitted to the phosphorylation assay as a mixture with either the Boehringer phosphoglycerate mutase preparation or one of the Sigma preparations (Fig. 4) . With the Boehringer preparation, the intensity of radioactivity in the 65-kDa cytosol protein band was unaltered; with the Sigma preparation, the observed increase in the intensity represented the sum of the amounts detected in these bands when the cytosol fraction and the mutase preparation had been assayed separately. When cytosol had been mixed with either mutase preparation, the phosphorylation of several other bands increased, particularly in the 30-kDa region; however, these findings were inconsistent.
The cytosol fraction, alone and as a mixture with the Sigma phosphoglycerate mutase preparation used in the-preceding experiments, was submitted to the standard phosphorylation assay for 4 min; at the end of the 3 min of incubation, unlabeled ATP or ADP was added. In the presence of 3PG, the intensity of the 65-kDa band of the mixture was much greater than that ofthe cytosol fraction alone; the addition of ATP or ADP did not reduce the radioactivity appreciably (Fig. 5 Proc. Natl. Acad Sci. USA 87 (1990) .se r:: hf %v. (3PG-PP72 and 3PG-PP155, respectively), but several other cytosol and membrane phosphoproteins were observed in the rat brain, heart, liver, lung, kidney, and whole pancreas (6) . Thus, the phenomenon of 3PG-dependent phosphorylation involves proteins with a broad range of molecular mass, is observed both in the cytosol and the membrane fractions, and occurs in a wide variety of tissues in more than one species. In inducing the phosphorylation of the 65-kDa islet cytosol protein, 2PG was as effective as 3PG. One possibility is that the mechanism involved in the phosphorylation of this protein, such as a protein kinase, does not discriminate between these phosphoglycerates. Alternatively, 2PG may have been converted by the cytosolic enzyme phosphoglycerate mutase to 3PG, and the phosphorylation may have been induced specifically by 3PG.
We observed that 0.005 mM 3PG or 2PG, the lowest concentration used, induced the phosphorylation of the 65-kDa protein. In erythrocytes, typical concentrations of 3PG and 2PG are 0.12 and 0.03 mM, respectively (12) . In pancreatic islets, concentrations up to 0.1 mM are attainable during incubations with high concentrations of glucose (13, 14) . Thus, our dose-response study demonstrates that protein phosphorylation induced in islets in response to exogenous 3PG or 2PG has potential physiological implications. We considered the possibility that the 65-kDa islet protein may be phosphoglycerate mutase. This enzyme is involved in the transfer of phosphate in the interconversion of 3PG and 2PG, the intermediate product being 2,3BPG (11, 12) . In the presence of 3PG, [2-32P]2,3BPG could have been formed and served as a source of [32P]phosphate for phosphoglycerate mutase. Islet phosphoglycerate mutase has not been characterized; in the muscle-derived commercial preparations, we found the majority of the proteins in the 30-kDa region, as reported previously (15) (16) (17) . Yet, in the two Sigma preparations, we also observed a 65-kDa band, the phosphorylation of which was induced by 3PG. The fact that upon dialysis [32P] phosphorylation of the 65-kDa protein excludes their respective protein kinases as the mediator. Thus, the kinase that may be responsible for the stimulation of phosphorylation of the 65-kDa protein appears to be distinct from protein kinase C and from cAMPdependent, cGMP-dependent, and calcium/calmodulindependent protein kinases.
Pace et al. (21) have shown that exogenous 3PG stimulates insulin secretion from permeabilized rat islets. Thus, 3PG-dependent phosphorylation in islets reported here could be involved in some way in the activation of insulin secretion by 3PG. The rapidity of phosphorylation stimulated by 3PG and 2PG, and the physiologically relevant concentrations at which it occurs, are consistent with this proposed relationship.
At this time, the relevance of our findings to glucoseinduced insulin release is not obvious. Even if phosphoglycerate-dependent protein phosphorylation in islets proves not to be involved in glucose-induced insulin release, it is an observation of considerable interest in terms of the cellbiological mechanisms operative in islet cells.
We conclude that protein phosphorylation induced by 3PG and 2PG in pancreatic islets may represent the activation by these glycolytic intermediates of a protein kinase distinct from the conventional protein kinases and may have relevance to stimulation of insulin secretion.
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